This note investigates the role of problem formulation in avoiding conputal difficulties. The proposed notion is applied to trusses with stress constraints and to an alternative general approach to topology design.
Introduction
The recent special issue of Structural and Multidisciplinary Optimization (Vol. 21, No. 2) on matters relating to topology and layout design provides a broad summary on modelling and computational experiences in the subject. The idea of the present note is to supplement the special issue with a discussion of material not entirely covered there. As is acknowledged in descriptions furnished in this issue (Rozvany 2001a,b) , certain anomalies encountered in practice are not entirely resolved. Present considerations are related to the role of problem formulation in the overall picture, rather than to issues that may arise in connection with computational method. Specifically, the notion is considered that some of the difficulties encountered in the area of computational prediction of design may be avoided with alternate problem formulation. Layout of trusses within stress constraints, and an alternative general approach to topology design are reviewed as two types of design situation where the notion may apply. Truss design within stress constraints
In this example consideration is given to how the portrayal of the associated mechanics may be a critical factor in treatments for structural optimization where limits on stress are to be met. Since with the imposition of stress constraints the kinematical requirement (compatibility condition) of linear elasticity no longer holds, the common displacement-based model for the mechanics is ill suited to the problem. At the same time, limitations on stress state are handled routinely in the setting of a complementary energy representation for elastostatics. Stress appears there as a primary variable, and with stress constraints the complementary energy principle becomes simply a constrained min problem. In this setting, the set of admissible stresses is complete. Also, the multiplier associated with a simple stress constraint, for example, may be identified as the "internal variable" that arises in such problems (a measure of plastic strain in the case of deformation plasticity). Analysis and computational treatment for optimal design are unambiguous using this rendering of the mechanics in the design problem formulation (Taylor 1993b). [The apparent anomaly noted in Example 3, p. 112 of Rozvany (2001a,b) does not arise with the stress-based formulation, for example. The complementary energy formulation Mso might be applicable as an alternative to the approaches described by Cheng and Jiang (1992) and by Kirsch (1990) .1
The cited complementary energy formulation, its implementation for computation, and diagrams of example results are available in the Sesimbra paper (Taylor 1993b). In respect of space limitations, the formulation is not repeated here. We note, however, that a load parameter is incorporated in that problem statement. The formulation including load parameter is convenient for treatment of the dependence of design on load state, and as well for the portrayal of problems in design for more general load path. It is applied to advantage in the case of design with nonlinear material, where the optimaI configuration may include any number of members at or below the stress limit, and in any combination, from among the members provided in the ground structure. Such results are observed in the various examples of the cited paper, including a demonstration of how the optimal layout changes with increasing load. To consider a different aspect of topology design, we note the sort of difficulties that sometimes arise in design settings having symmetries in loading and/or structure (Svanberg and Stolpe 2001) presents examples of this kind]. Here too the facility to interpret dependence of design with respect to continuously varying load parameter may be useful.
The selfsame formulation is applicable in continuum design. There the stress constraint is expressed as a function of the stress tensor (as in statement of a yield condition). An extremum-problem formulation for the analysis of the stress-constrained continuum is given by Taylor (1993a) and applications showing the evolution of response with increasing load are described by Plaxton and Taylor (1994) . The formulation extended to cover design has been applied to predict optimal material properties for continuum structures within stress constraints, where the properties vary continuously over the structural domain (Bendsce et al. 1996) . It is applicable as well for the determination of topology design, as suggested in the discussion below.
Topology design
To consider an aspect of problem formulation in the field of topology design of continuum structures, recall that the usual zero-one characterization for that problem (e.g. Ch. 2 Bendsce 1995) describes an ill-posed problem. The familiar devices such as modification in the analysis by relaxation, or the use of penalization or simulations such as SIMP for computational purposes are required because of this inherent ill-posedness. With these models the problem of 'lack of closure' for the zero-one topology design formulation is circumvented, in effect, by the narrowing of the space of admissible designs. In the case of isotropic plate design, for comparison, a narrowing of the design space via "slope control" (Niordson 1983), i.e. a constraint on the magnitude of the first derivative of the design variable, results in a tractable formulation for that problem. (Notably, Niordson found the slope control model to be relatively inefficient for computational treatment, as did Petersson and Sigmund (1998) for other design problems.) The familiar alternative (for plate design still) has the problem recast into a formulation to accommodate orthotropy (see e.g. Bendsce 1995), to render it into well-posed form. The properly posed formulation obtained by this broadening of the space of admissible mechanics and designs comprises an effective basis for the overall treatment of solid plate design. To consider for the continuum design a comparable alternative to the narrowing of the design space, the problem formulated in a form where the unrestricted modulus tensor is the design variable (Bendsce et al. 1994) has closure. This well-posed statement of the continuum problem is fundamental, in the sense that the formulation with pointwise arbitrary material tensor comprises comprehensive coverage for continuum design, within the elasticity model. Stated in another way, design within the mechanics of linear elastostatics is covered for all possible continuum designs by the "unrestricted modulus" formulation. At the same time, computational solutions to problems of this type are obtained using familiar and well-exercised (optimality condition based) methods. Also, design for restricted material properties may be predicted using a suitably constrained version of the unrestricted modulus formulation.
These properties would have the unrestricted modulus interpretation for continuum design be attractive as a basis to predict topology design, and a method to do so (Guedes and Taylor 1997a,b) has proved to be effective in a variety of settings (Rodrigues et al. 1999; Taylor 2000; Du and Taylor 2001, for example) . The procedure, termed weighted unit cost method, calls for stepwise evaluation (update) of the optimal material tensor prediction where the unit cost field is modified at each step. To elaborate, the folloWing separate considerations enter into the subject method for topology design.
(a) The method depends on having a proper formulation for design optimization in the setting where distribution of effective material is unrestricted. For truss design, the set of admissible designs would be the ground structure, where member sizes (and possibly member properties) are unrestricted. In the case of continuum structures, this refers to the cited model for design with unrestricted modulus tensor. (b) Topology or layout design is obtained by a stepwise procedure where at each step unit cost coefficients are adjusted systematically and the model of (a) is applied to predict a new design. This procedure leads to a zero-one or black-white design.
The proper formulation indicated in (a) is simply a properly posed form of problem statement for the analysis and design. In the setting of linear elasticity, this has the convenient form of a min problem with quadratic objective and linear constraints, or its equivalent.
The following features are noted for this procedure to predict topology design.
-The method calls for the solution at each step of the same well-posed design problem, i.e. each stepwise result is an optimal design for the current unit cost field. No relaxation, penalization, ad hoc modification of the model, or other synthetic means are involved.
